Climate change in the circumpolar region is causing dramatic environmental change that is increasing the vulnerability of infrastructure. We quantified the economic impacts of climate change on Alaska public infrastructure under relatively high and low climate forcing scenarios [representative concentration pathway 8.5 (RCP8.5) and RCP4.5] using an infrastructure model modified to account for unique climate impacts at northern latitudes, including near-surface permafrost thaw. Additionally, we evaluated how proactive adaptation influenced economic impacts on select infrastructure types and developed first-order estimates of potential land losses associated with coastal erosion and lengthening of the coastal ice-free season for 12 communities. Cumulative estimated expenses from climate-related damage to infrastructure without adaptation measures (hereafter damages) from 2015 to 2099 totaled $5.5 billion (2015 dollars, 3% discount) for RCP8.5 and $4.2 billion for RCP4.5, suggesting that reducing greenhouse gas emissions could lessen damages by $1.3 billion this century. The distribution of damages varied across the state, with the largest damages projected for the interior and southcentral Alaska. The largest source of damages was road flooding caused by increased precipitation followed by damages to buildings associated with near-surface permafrost thaw. Smaller damages were observed for airports, railroads, and pipelines. Proactive adaptation reduced total projected cumulative expenditures to $2.9 billion for RCP8.5 and $2.3 billion for RCP4.5. For road flooding, adaptation provided an annual savings of 80-100% across four study eras. For nearly all infrastructure types and time periods evaluated, damages and adaptation costs were larger for RCP8.5 than RCP4.5. Estimated coastal erosion losses were also larger for RCP8.5.
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Alaska | climate change | damages | adaptation | infrastructure C limate change at high latitudes is causing rapid and unprecedented environmental change. The rate of temperature rise across the Arctic has been twice the global average in recent decades (1) (2) (3) . Sea and land ice has diminished (4, 5) , and increased coastal erosion (6, 7) , permafrost thaw (8) (9) (10) , and wildfire activity (11) (12) (13) (14) have been observed. Models project that these changes will continue (15) (16) (17) and that the corresponding societal impacts will be greater (18) without substantial nearterm global reductions in greenhouse gas (GHG) emissions. In the state of Alaska and across the broader circumpolar north, these changes are exacerbating existing challenges and introducing new risks for communities, including increased damage to critical infrastructure (19) (20) (21) .
Climate change increases the vulnerability of infrastructure by enhancing environmental stressors, thereby creating additional strains on structures beyond what is expected from normal conditions and use. Risks to infrastructure associated with climate change in the Arctic have been studied previously for some environmental stressors. Increased near-surface permafrost thaw associated with climate warming has been widely recognized as a cause of increased infrastructure damage (22) (23) (24) (25) . This climatedriven thaw can occur concurrent with thaw induced by natural disturbances, such as wildfire (26, 27) , and human activities (20, 23, 27, 28) , including the construction of infrastructure. Permafrost thaw and subsequent ground subsidence, particularly where permafrost is ice-rich, negatively impact buildings, roads, railroads, pipelines, and oil and gas infrastructure (19, 20, 24, 29) . In Alaska, Hong et al. (25) found the greatest near-term risks of thaw settlement in relatively warm permafrost found in the discontinuous permafrost zone in the interior and longer-term risks in the continuous permafrost zone in the northern part of the state ( Fig. 1 shows a map of permafrost distribution). Warmer temperatures can also alter the frequency of freeze-thaw cycles (FTCs), impacting foundation and underground infrastructure stability and vulnerability (30, 31) . Extensive erosion influenced by sea ice loss, permafrost thaw, and inland flooding (7, 32) threatens numerous coastal and riverine communities in Alaska and affects most infrastructure types (33) . As climate change continues, the extent of infrastructure damage as well as the costs
Significance
Climate change in Alaska is causing widespread environmental change that is damaging critical infrastructure. As climate change continues, infrastructure may become more vulnerable to damage, increasing risks to residents and resulting in large economic impacts. We quantified the potential economic damages to Alaska public infrastructure resulting from climatedriven changes in flooding, precipitation, near-surface permafrost thaw, and freeze-thaw cycles using high and low future climate scenarios. Additionally, we estimated coastal erosion losses for villages known to be at risk. Our findings suggest that the largest climate damages will result from flooding of roads followed by substantial near-surface permafrost thawrelated damage to buildings. Proactive adaptation efforts as well as global action to reduce greenhouse gas emissions could considerably reduce these damages.
to maintain, replace, and adapt the built environment are expected to increase.
Few studies have moved beyond observation and risk evaluation to quantify the potential economic impacts of climate change on Alaska public infrastructure. Climate change-related increases in costs have been estimated at about $50 million (original values converted to 2015 dollars using the Consumer Price Index) annually (34) for a subset of stressors affecting roads and the electricity sector, whereas Larsen et al. (35) estimated approximately $7.3-14.5 billion (from 2006 to 2080; values converted to 2015 dollars using the Consumer Price Index) above "normal" operations and maintenance resulting from permafrost thaw, flooding, and coastal erosion impacts on a wide range of infrastructure types. In recent years, the analysis by Larsen et al. (35) has served as a guide for considering damage to infrastructure in Alaska and the broader Arctic under different climate futures. Although this study has provided valuable insights, the authors noted that estimates could be improved considerably with a more comprehensive inventory of public infrastructure and the use of nonlinear damage functions that better capture relationships among environmental stressors, infrastructure lifespan, and the associated incremental change in capital and operation and maintenance costs (35, 36) .
We addressed the recommendations made by Larsen et al. (35) and developed new estimates of potential economic impacts of climate change to Alaska's public road, building, airport, rail, and pipeline infrastructure. Using high and low climate forcing scenarios [representative concentration pathway 8.5 (RCP8.5) and RCP4.5, respectively, from the Coupled Model Intercomparison Project Phase 5 (CMIP5)] (37) for five general circulation models (GCMs), we evaluated the climate-related change in incurred costs (hereafter damages) required to maintain infrastructure. We estimated the benefits (or avoided damages) to infrastructure of global reductions in GHG emissions and identified where proactive adaptation measures may reduce climate change-related expenses. Climate model projections were incorporated into a reconfigured version of the Infrastructure Planning Support System (IPSS) software tool (38) (39) (40) that accounts for climate change impacts unique to northern latitudes, including near-surface permafrost thaw and extreme freeze-thaw dynamics. This model also considers damages from precipitation and precipitation-caused flooding. Independently, we developed an approach to generate first-order estimates of projected coastal erosion rates and evaluated how GHG mitigation may influence erosion in 12 coastal communities where immediate actions to manage erosion or relocate have been recommended (33) . This study is one component of a broader multisector modeling framework developed for the Environmental Protection Agency Climate Change Impacts and Risk Analysis Project (41, 42) , which seeks to quantify the avoided or reduced impacts of climate change resulting from GHG mitigation and adaptation.
Results
Damages. The analysis presented here was designed to isolate the incremental change in damages and expenditures resulting from climate change. Costs incurred as a result of operation and maintenance or infrastructure replacement required irrespective of climate change are not included in the damage values. For precipitation, flooding, and freeze-thaw stressors, damages represent the expenditures required to maintain current levels of service, enabling the infrastructure to remain functional through the intended design lifespan. In the case of near-surface permafrost thaw, where repair approaches are limited, damages represent the cost of infrastructure replacement. Damage estimates reflect expenditures incurred when no adaptation measures are taken. Adaptation costs are quantified separately and explained in Adaptation. Reported damages (and adaptation costs) reflect the difference between projected values and a historic baseline period (1986-2005) (detailed in Methods and SI Text) to isolate climate change impacts from weather variability not attributed to climate change. When the IPSS determines that infrastructure is in need of replacement, the model tabulates expenditures based on historical building standards and construction costs. Therefore, the damage estimates do not estimate the effect that more climate-resilient construction could provide or additional design and engineering costs associated with such efforts. Although this estimation approach may not seem intuitive, in practice, it is generally the construction approach taken, because design and construction practices follow established codes and guidelines. The specific types of damages modeled in the IPSS are summarized in Table 1 and detailed in Methods.
We used two approaches to present damages (and adaptation costs) in this study: cumulative estimates for the 2015-2099 time period reported in 2015 dollars and discounted at 3% and annual undiscounted estimates that represent expenditures across four 20-y eras. The discounted cumulative values reflect the net value in the present day, thereby providing an equal basis to sum and compare the values for different time periods. A 3% discount rate is commonly used in climate impacts literature and consistent with the central rate used in the US Government's Social Cost of Carbon estimates (43) . For reference, we have provided cumulative undiscounted values in Table S1 but do not discuss them here. We present undiscounted mean annual damages and adaptation costs across study eras to illustrate the trajectory of impacts between the two RCPs over time, which can be masked when discounting is applied (i.e., late century differences between RCPs can be minimized after discounting).
Statewide Damages to Infrastructure. Total cumulative (discounted) damages to infrastructure (without adaptation) resulting from projected climate change this century were estimated to be approximately $5.5 billion for RCP8.5 and $4.2 billion for RCP4.5 ( Table 2) . For both RCPs, flooding associated with changes in precipitation accounted for about 45% of damages, and near-surface permafrost thaw was responsible for 38% (although high variability was observed among GCMs) ( Table 2 shows minimum and maximum values). Changes in precipitation accounted for about 17% of cumulative damages. The largest total damages were observed for roads ($3.1 and $2.4 billion for RCP8.5 and RCP4.5, respectively) and buildings ($1.7 and $1.4 billion, respectively); however, the environmental stressors responsible for the damages differed, with ∼75% of road damages caused by flooding and 90% of building damages caused by nearsurface permafrost thaw under both RCPs. Airports, railroads, and pipelines made up a smaller fraction of the overall public infrastructure inventory, which contributed to considerably lower projected damages, collectively accounting for just over 10% of total damages (Table 2) .
Total damages for RCP8.5 were $1.3 billion more than those observed for RCP4.5 ( Table 2 ), suggesting that global reductions in GHG emissions provide monetary benefits for Alaska public infrastructure. This pattern was observed across nearly all infrastructure types and environmental stressors considered in this analysis. The one exception was the negative values observed for freeze-thaw damages, which indicate that warming associated with unmitigated climate change may reduce future damages from this environmental stressor, especially to roads, to levels below those reported historically. However, this benefit provided little offset against total projected damages caused by other stressors.
Mean annual projected damages (undiscounted; summed for all evaluated environmental stressors) varied by infrastructure type and RCP across study eras (Fig. 2) . Roads exhibited increased annual damages over time that were consistently higher for RCP8.5, with the largest differences observed in the 2090 era ($212 million y −1 vs. $109 million y −1 for RCP8.5 and RCP4.5, respectively) ( Fig. 2A) . This pattern was driven primarily by increased flood-related damages, which totaled about $58 million y −1 in the 2030 era and reached $165 million y −1 in 2090 for RCP8.5. In contrast, annual building damages were projected to be largest in the 2030 era ($84 million for RCP8.5) (Fig. 2B) and decrease over time, with smaller relative differences between RCPs than observed for roads. For buildings, annual changes over time were driven primarily by near-surface permafrost thaw. Some of the GCMs projected complete loss of near-surface permafrost from much of interior Alaska by the end of the century (Fig. S1 ), suggesting that no additional damages from this environmental stressor would occur in some areas and therefore, total statewide damages in later eras would decrease. It is possible that deeper, ice-rich permafrost could cause subsidence at the local scale and result in future damages, even if near-surface permafrost is lost; however, these impacts were not evaluated in this analysis. Additionally, our model included the assumption that, if a building was damaged to the point that replacement was required, the new building would (when possible) not be built on permafrost or that additional measures would be taken to reduce the likelihood of future damages from this stressor. For airports, the 2090 era incurred the largest annual damages for RCP8.5 ($22 million y −1 ) and the smallest damages for RCP4.5 (11 million y −1 ) (Fig. 2C ). Airport runway damages from flooding and precipitation as well as near-surface permafrost thaw impacts on airport buildings contributed to the observed pattern in damages across eras for this infrastructure type. For railroads and pipelines, near-surface permafrost thaw was the only environmental stressor modeled. Both these infrastructure types showed the largest damages in the 2070 era for RCP8.5 ( Fig. 2 D and E) , which is likely because of a large change in near-surface permafrost during this timeframe. However, railroads tended toward larger damages in earlier eras, whereas pipeline damages increased over time, especially for RCP8.5. Damage estimates for these infrastructure types were highly variable, resulting from the range of projected near-surface permafrost thaw among GCMs.
Distribution of Damages Across Alaska. The distribution of cumulative (discounted) damages this century varied across the state, with the largest damages projected for RCP8.5 in interior and southcentral boroughs, including Fairbanks North Star, ValdezCordova, and Yukon-Koyukuk (Figs. 1, borough locations and 3A). The smallest projected damages were observed in the southwest boroughs of Bristol Bay, Lake and Peninsula, and Kodiak Island. In the Aleutians East borough, no discernable damages were observed, which was likely driven by less relative climate change in this portion of the state and a small infrastructure inventory. Cumulative damages were smaller for RCP4.5 than RCP8.5 for every borough ( Fig. 3 A and B) , indicating that global reductions in GHG emissions could provide benefits across the state. The largest benefits were observed for Fairbanks North Star and Yukon-Koyukuk boroughs, where cumulative damages were estimated to be approximately $286 and $191 million less, respectively, for RCP4.5. Cumulative per capita damages were larger for RCP8.5 than RCP4.5 for all boroughs ( Fig. 3 C and D) . The largest reductions in per capita damages between RCPs were observed for YukonKoyukuk, Southeast Fairbanks, and Denali boroughs.
Adaptation. The costs of proactive adaptation were quantified for infrastructure type-climate stressor combinations where effective adaptation methods exist and costs are quantifiable (listed in Table 1 ). As such, these adaptation costs were modeled for a subset of the infrastructure type-climate stressor combinations reported for damages. These adaptation costs include upfront investment and modification of infrastructure before the occurrence of climate-related damages. For precipitation and flooding, adaptation measures are only applied in the IPSS when infrastructure is determined to be vulnerable to climate change based on the design change threshold. No adaptation measures for permafrost thaw were identified that were less expensive than complete infrastructure replacement. Therefore, we only report estimated damages from this stressor here. When adaptation measures are applied in the IPSS, the costs associated with that adaptation are quantified. After a unit of infrastructure is adapted, it is assumed that the future vulnerability of that infrastructure to future climate damages is inconsequential and that no climaterelated damages are incurred from the time of adaptation through the remainder of the intended design lifespan. For the cumulative costs presented in this analysis, we sum the adaptation costs with the incurred damages to units of infrastructure where adaptation measures are not taken (and damages from near-surface permafrost thaw, because adaptation was found to be more expensive) to provide total estimated expenditures this century when adaptation is applied.
Benefits of Adaptation. Cumulative projected incurred costs (discounted) when proactive adaptation is modeled totaled $2.9 billion for RCP8.5 and $2.3 billion for RCP4.5 (costs when proactive adaptation is modeled) ( Table 2) . These values suggest a reduction in expenditures of $2.6 billion for RCP8.5 and $1.9 billion for RCP4.5 compared with damages without adaptation. Adaptation to flooding (modeled for roads and runways) and Adaptation includes the sum of the costs for adapting those infrastructure units where damages are projected to occur plus any damages incurred to infrastructure units where adaptation was not applied. For infrastructure type-climate stressor combinations where adaptation was not modeled, the damage estimates were used in the calculations for costs when proactive adaptation is modeled. Reported values are mean (minimum, maximum) for five GCMs. Summed means may not equal the total because of rounding. Not included indicates where impacts are unexpected or minimal or inclusion in the IPSS would require extensive model revision that was outside the scope of this analysis. No impact indicates instances where the environmental stressor is not expected to affect the given infrastructure type. *Airports values include the sum of expenditures for airport buildings and runways. † Damage values for airports include runway flooding, permafrost thaw, precipitation, and freeze-thaw stressors as well as permafrost thaw and precipitation damages to airport buildings. ‡ Near-surface permafrost thaw adaptation costs were quantified for these infrastructure types; however, adaptation was found to be more expensive than incurred damages, and therefore, damages were used when calculating total costs. precipitation (modeled for roads, runways, buildings, and airport buildings) reduced the expected cumulative (discounted) costs of climate change this century for both RCPs; however, adaptation benefits were consistently larger for RCP8.5 ( Table 2 ). The benefits of adaptation were largest for road flooding under RCP8.5, where adaptation reduced the total economic impact from the projected $2.3 billion in cumulative damages to $340 million in adaptation costs. Adaptation to precipitation nearly halved the total expenses to roads and provided a large reduction in building expenses, although the damages to buildings were relatively small. In contrast, there are limited cost-effective options for adapting infrastructure to near-surface permafrost thaw. Our analysis considered permafrost thaw-related adaptation costs for roads, runways, and railroads and determined that adapting was more expensive then the cumulative projected damage estimates.
Across study eras, mean annual (undiscounted) costs to adapt roads and runways to flooding and buildings and airport buildings to precipitation were highest in the 2030 era and generally declined over time for both RCPs. This cost estimate assumes that well-designed adaptation measures were taken early in the century and continued to provide economic benefits into later eras. Declines in adaptation costs were concurrent with increased projected damages from these stressors (Fig. 4) , resulting in an increased relative benefit of adaptation over time (expressed as percentage savings in Fig. 4) . For roads and runways, the benefits of adaptation (and the projected damages where adaptation was not considered) were consistently larger for flooding than precipitation (Fig. 4 A and C) . For both buildings and airport buildings, total annual damages from precipitation were much smaller than for roads and runways (note the difference in scales in Fig. 4  B and D) ; however, the benefits of adaptation were large, with a percentage savings in expenditures (i.e., difference between damages and adaptation costs) ranging from 95 to 105% for all study eras (where values exceeding 100% indicate adaptation costs lower than historical maintenance costs). (56°N to 60°N) , central (60°N to 65°N), and north (>65°N) regions, respectively, for RCP8.5 and 8, 13, and 10 d decade −1 in the south, central, and north regions, respectively, for RCP4.5. This finding represents an ∼80-90% increase in coastal ice-free days by 2095 for the central and north regions under RCP8.5 and just over a 60% increase for RCP4.5 (Table S2 ). In the south, 39% and 31% increases were projected for RCP8.5 and RCP4.5, respectively. The difference in length of the ice-free season between RCPs increased with time for all regions (Fig. 5A) , with the largest difference between scenarios being 36 d observed for the north region in 2095 ( Fig. 5A and Table S2 ). Projected cumulative land losses from erosion in 2095 varied across communities (Fig. 5 B-D and Table S3 ) and were strongly influenced by the current erosion rates used in calculating future change. The largest losses were projected for Newtok (Fig. 5C ). Land losses were consistently higher for RCP8.5 than RCP4.5, and projections generally suggested that communities located in the central and south regions could experience larger erosion-driven land losses resulting from a longer ice-free season than those in the north. For example, for sites in the south, erosion rates were ∼22% higher for RCP8.5 compared with current baseline erosion rates and about 18% higher for RCP4. 5 . Comparable values in the central region were about 44% and 34%, respectively, and for the north region sites, erosion rates were 51% and 35%, respectively, higher than current rates.
Change in Coastal Erosion
Rates for Select Communities. The coastal ice-free season was projected to lengthen by about 11, 17, and 15 d decade −1 in the south
Discussion
Damages to Alaska public infrastructure from climate change are projected to be large and widespread. Many previous studies have recognized the risks of permafrost thaw (20, 24, 25) , and our findings indicate extensive damages from this stressor. However, the largest estimated damages in this analysis resulted from flooding caused by increased precipitation. This finding suggests that climate damages to infrastructure will extend well beyond areas underlain by permafrost and that greater attention to future flooding risks is warranted. Although damages are projected to be large, the total financial impacts of climate change could be reduced considerably by proactive investment in adaptation. The largest monetary benefits of adaptation could be achieved by modifying road drainage systems to reduce flooding impacts. Additional benefits could result from changes to road and runway surfaces and base-layer modifications and by improving building roof drainage systems and installing materials that better withstand projected precipitation increases (Fig. S2B) . For flooding and precipitation damages to roads, runways, and buildings, our model initiated adaptation measures at the time point when projected damages began, which typically occurred early in the century. Generally, this initiation of adaptation resulted in larger annual adaptation costs (and smaller relative adaptation benefits compared with damages) during the 2030 era. These early actions are projected to reduce the vulnerability of infrastructure in subsequent time periods, resulting in late century eras having proactive adaptation costs comparable with and sometimes even lower than historic maintenance costs.
Total economic impacts of climate change on Alaska public infrastructure could also be lessened through global action that reduces GHG emissions to meet RCP4.5. The $1.3 billion difference in cumulative damages between RCP8.5 and RCP4.5 reflects greater infrastructure damages associated with a larger projected increase in temperature, precipitation, and near-surface permafrost thaw under the RCP8.5 scenario (Figs. S1 and  S2 ). With the exception of buildings in the 2070 era, which may experience delayed damages from near-surface permafrost thaw because of the lower temperature increase under RCP4.5, mean annual projected damages to all infrastructure types were lower under RCP4.5. These findings are consistent with other studies that have found reduced economic impacts under lower GHG emissions scenarios (35, 44) .
Our reported cumulative damages ($5.5 and $4.2 billion for RCP8.5 and RCP4.5, respectively) are similar in magnitude to those in the work by Larsen et al. (35) , which estimated $7.3-14.5 billion (converted to 2015 dollars using the Consumer Price Index) in damages to 2080 without adaptation using different methodologies and climate scenarios. Larsen et al. (35) also included reactive, "event-based" adaptation, where adaptive actions were taken when damages reduced the lifespan of structures. Using this approach, they projected a 10-45% reduction in economic impacts from 2006 to 2080 under a moderate GHG emissions scenario. Our analysis suggests a much larger benefit of adaptation, indicating a 45-47% reduction in expenditures compared with damages when no adaptation measures are taken. We attribute this difference to our proactive adaptation method, where action is taken before deterioration of structures, to maintain the full lifespan. This approach can result in upfront investments that are lower than replacement costs and reduced future vulnerability, which led to the observed increase in benefits over Fig. 4 . Bars illustrate the annual damages [undiscounted, in million US dollars (MUSD)] to (A) roads, (B) buildings, (C) airport runways, and (D) airport buildings specifically from flooding (blue) and precipitation (purple) for the two RCPs. Percentages represent the percentage savings in total expenditures for the given stressor and RCP resulting from proactive adaptation compared with mean estimated damages (where damages assume no adaptation). Adaptation costs were lower than estimated climate damages for all environmental stressors and infrastructure types shown here. Percentages greater than 100 indicate instances where estimated adaptation costs fell below the historical baseline maintenance costs. Values represent the mean (± minimum, maximum) for five GCMs. Note the difference in scales among panels. time for many of the infrastructure type-climate stressor relationships that we modeled.
Estimated annual damages to infrastructure stemming from the added environmental stresses (above normal "wear and tear") caused by climate change could have large financial implications if our projections translate to realized damages and adaptation costs. For the 2030 era, mean annual damages were approximately $181 and $142 million for RCP8.5 and RCP4.5, respectively (sum of all infrastructure types is in Fig. 1 ) and are projected to increase over time. These values represent 14-18% of the fiscal year 2017 capital budget request for the Alaska Department of Transportation and Public Facilities (45) . In this budget, $8 million was requested specifically for "Deferred Maintenance, Renewal, Repair and Equipment," which is a decrease from recent years, where enacted appropriations totaled $25-27 million to address this need (https://www.omb.alaska.gov/ html/budget-report/fy-2016-budget.html). Collectively, this information suggests that climate-related damages could place an additional strain on state finances. We are aware of only one other study that has estimated annual climate change damages for Alaska's public infrastructure. Relying on a limited number of examples, Cole et al. (34) suggested that climate damages could reach about $50 million y −1 (converted to 2015 dollars using the Consumer Price Index) in the near term. The large difference between these findings and our results is likely driven by our more comprehensive inventory, which includes more than just stateowned public infrastructure, and thorough evaluation of dominant climate stressors, especially inclusion of projected flooding damages.
Multiple factors contributed to our estimated extent, timing, and distribution of damages. For each infrastructure type, the quantity of infrastructure included in our inventory, the unique engineering-based stressor-response functions developed for that infrastructure, and the price of maintenance and repair of that type of structure affected projected damages. The timing of damages was impacted by the rate of change of each environmental stressor and the sensitivity of each type of infrastructure to the change. Distribution of damages across the state and individual boroughs was affected by the quantity and location of infrastructure and the impact of the environmental stressors at any given location. For instance, the southcentral borough of Valdez-Cordova includes among the highest total road area in our inventory and is in a region projected to have a relatively large increase in precipitation for many of the GCMs (Fig. S2B) , which strongly influenced the projected cumulative flooding damages for that borough.
We did not estimate climate damages associated with coastal erosion in the IPSS analysis; however, our infrastructure inventory included assets in coastal communities, and therefore, damages from modeled environmental stressors are reflected in the reported damages and adaptation costs. We excluded coastal erosion from the economic analysis because our approach represents a first-order approximation of rates that relied heavily on the assumption that the projected lengthening of the coastal icefree season is proportional to changes in coastal erosion. Although this relationship has been noted (46), we determined that improved understanding of this linkage is needed to appropriately project climate-related erosion damages. Also, many of the coastal communities experiencing erosion problems are affected by both river and ocean processes (33) , making climate and source attribution more challenging. Despite these limitations, the underlying literature indicates a strong likelihood of a lengthening of the coastal ice-free season throughout this century, and our projections show that, for many communities, global GHG emissions reduction could reduce erosion, thereby lessening impacts.
This study describes an improved approach to quantifying climate damages to public infrastructure, but these estimates could be further strengthened. Additional modeling capabilities that build on the stressor-response relationships developed here along with creation of new functions that capture damages to ports, telecommunications, and other infrastructure types would provide a more comprehensive evaluation of potential vulnerabilities and associated damages. Improved knowledge of the influence of a lengthening coastal ice-free season on coastal infrastructure would further refine our ability to estimate potential damages from climate change. Continued updates and expansion of our infrastructure inventory, which includes counts and more detailed location information of infrastructure, would also better inform damage estimates and adaptation costs. Additionally, analysis at a finer resolution would allow for community-level evaluation and reduce assumptions about infrastructure distribution, which could be especially important for accurately projecting damages from nearsurface permafrost thaw. Projections of deep, ice-rich permafrost thaw could also improve estimates of damages from this stressor. Quantification of loss of use impacts would also inform potential damages and could be particularly meaningful in Alaska, where there is a lack of infrastructure redundancy across much of the state. Within the climate modeling framework, inclusion of additional GCMs, climate scenarios, and climate sensitivities could provide a more robust evaluation of the range and variability of projected damages and adaptation costs. Finally, new economic opportunities will be made possible by climate change, including longer ice-free seasons for ports. Future research combining our analytical approach with projections of future socioeconomics, demand, technology, and new infrastructure siting could provide a more comprehensive estimate of future impacts.
This study provides new estimates of the potential damages from climate change to Alaska public infrastructure and suggests that taking proactive action to adapt infrastructure in the near term could dramatically reduce damages across the state throughout this century. Variation and general trends in the timing of damages and relative adaptation benefits to different infrastructure types may help to inform decisions about prioritizing investments. Together with global reductions in GHG emissions, these efforts may reduce damages to infrastructure and the impacts of climate change on Alaskan communities.
Methods
Estimated damages to public infrastructure from climate change and costs when adaptation measures are used were evaluated using downscaled climate model projections and the IPSS software tool (38, 39) The analysis relied on a public infrastructure inventory compiled for this study. We also developed first-order estimates of projected coastal erosion rates for 12 vulnerable coastal communities and evaluated how global GHG mitigation influenced these rates.
Climate and Near-Surface Permafrost Thaw Projections. We used downscaled climate data developed by the Scenarios Network for Alaska + Arctic Planning at the University of Alaska, Fairbanks (47) . This dataset included climate projections for RCP8.5 and RCP4.5 for five GCMs from the CMIP5 archive that have the most skill for Alaska and the Arctic (48) (https://www.snap.uaf.edu/ methods/models). Change in active-layer thickness (ALT), which indicates near-surface permafrost thaw, was projected for each study era, GCM, and RCP using reduced form equations developed for this study (detailed in SI Text) and based on the Geophysical Institute Permafrost Lab model (49, 50) . Projected minimum and maximum annual temperatures, precipitation, change in mean annual ground temperature (MAGT), ground ice content (GIC), and ALT as well as baseline permafrost and GIC maps (51) were input to the IPSS model to determine impacts on infrastructure (details of climate model selection, spatial and temporal downscaling, and projections are in SI Text).
Inventory Compilation. Counts and units of measure for publicly owned roads, airports, buildings, railroads, and pipelines were compiled from numerous sources, including State of Alaska and national geospatial datasets (all sources are listed in SI Text). Much of the inventory database contained exact locations of infrastructure. When exact locations were not provided, assumptions regarding locations within villages and boroughs were made (SI Text). This analysis assumes no change in inventory size during the study period, which could lead to an underestimate of potential damages if additional infrastructure is added this century in response to population growth or other factors.
IPSS. The IPSS tool incorporates engineering knowledge, stressor-response algorithms, and climate projections to quantify potential vulnerabilities resulting from climate change for numerous infrastructure types. Modeling damages. The IPSS has been previously configured to estimate damages (and adaptation costs) caused by precipitation and precipitationcaused flooding, and we used the same approach in this analysis (described below). Stressor-response relationships are specific to each environmental stressor and infrastructure combination. Damages are quantified using engineering-and material science-based relationships between each environmental stressor and the extent of damages associated with the projected amount of change in the stressor after an empirically determined threshold is crossed. For precipitation, flooding, and freeze-thaw stressors, damages reflect the expenditures required to maintain current levels of service and allow infrastructure to remain functional through the intended design lifespan. In the case of permafrost, where repair approaches are limited, damages represent only the expenditures required for infrastructure replacement. Damages are calculated by first determining the extent of damage caused by each environmental stressor and then applying a monetary value of those damages based on known construction and maintenance costs. These calculations are unique to each stressor-response relationship and detailed in the following sections. Modeled damages represent only those costs attributed to the incremental change in expenditures caused by the projected climate change. Estimates presented here do not include operation and maintenance costs from normal wear and tear, damages caused by factors other than the evaluated climate variables, or replacement costs of structures resulting from infrastructure reaching the end of its design lifespan. Modeling adaptation costs. The IPSS models proactive adaptation for infrastructure type-climate stressor combinations where effective adaptation methods exist and costs are quantifiable. Adaptation is applied in the form of upgrades to units of infrastructure when structures are determined to be vulnerable to a climate change stressor. In some cases, adaptation is determined to be cost-effective (i.e., adaptation costs < estimated damages), but in other instances, adaptation costs may be more than estimated damages. For instance, for permafrost thaw, no adaptation measures were identified that were less expensive than infrastructure reconstruction. Generally, the extent of adaptation required for a given unit of infrastructure is determined by the projected change in each individual stressor through the design lifespan of the infrastructure. After a unit of infrastructure is adapted, it is assumed that future vulnerability to climate damages is minimal and no additional climate-related costs or damages are incurred in the model through the end of the intended design lifespan. Historical baseline. We calculated the difference between our estimated damages (and adaptation costs) and damages that would have been incurred in a historical baseline period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . Information in the historical baseline represents weather impacts captured historically that we do not attribute to climate change. By reporting the difference between these values, the effects of climate change are isolated from historical baseline maintenance costs. Detailed methods for generating the historical baseline are outlined in SI Text.
IPSS Considerations for Northern Latitudes. Assessing potential infrastructure damages at high latitudes requires specific considerations and model modifications for extreme low temperatures. This study incorporated these cold weather conditions in three specific stressor categories: pavement temperature, FTCs, and near-surface permafrost thaw. Weather conditions in Alaska can lead to costs that are two to three times the typical construction, operations, and maintenance costs found in the contiguous United States across infrastructure types (RSMeans 2015; https://rsmeansonline.com/), and consideration of these higher costs was incorporated into the damage estimates. However, design standards modeled here are assumed to be comparable with those used in the contiguous United States. Pavement temperature impacts on roads. An important factor in determining whether pavement damage will occur with climate change is the ability of the pavement to withstand changes in temperature. Pavements are designed for specific minimum and maximum temperature limits, and environmental changes beyond these limits have the potential to damage pavement surfaces. For this study, when climate projections indicated a potential threshold change from the baseline climate temperature range, it was assumed that pavement was more likely to be damaged, and a cost was applied at the time that the threshold was crossed to account for pavement binder reconstruction expenditures. Specific road surface temperature and binder thresholds were determined from changes in minimum (1 d) and maximum (7-d average) temperatures using equations and research reported in the work by Mills et al. (52) . These temperature functions were also used to analyze climate change impacts on asphalt runways for airports. FTCs. FTCs affect the long-term durability of paved roads and asphalt runways because of the impact that repeated freezing and thawing have on the stability of the base supporting the pavement surface. We used two methods to calculate FTC impacts on road and runway maintenance costs and damages. We determined whether changes in precipitation and temperature placed the infrastructure within a given climate grid cell in a new pavement performance zone. These zones were characterized by the Freezing Degree Index and mean annual precipitation, which were combined to place the grid cells in wet or dry zones and high or low FTC environmental zones (31) (detailed in SI Text). When projected climate change indicated that a geographic area crossed into a new zone, specific increases were applied to the maintenance costs for the affected road and runway segments. We used a second method when climate change did not cause a threshold crossing into a different zone, but increased FTC could still result in damages. For this approach, we quantified climatic changes based on the percentage increase in frequency of FTC for a rolling 5-y period relative to the historic baseline. Costs were estimated based on corresponding increases in routine maintenance to repair freeze-thaw-related road and runway damages (31, 53) . Near-surface permafrost thaw. Near-surface permafrost thaw affects all types of infrastructure but in different ways depending on whether the infrastructure is located above or below the ground and the potential for underlying permafrost to thaw if permafrost is present (20, 54) . Permafrost thaw impacts the soil bearing underneath structures and may weaken foundations, creating risks directly related to the capacity of the soil to bear the weight of the support structures for the infrastructure. The broad foundations of buildings may be affected differently than linear elements, like rail and pipelines, which have specific support points that hold the infrastructure in place. If near-surface permafrost thaws and GIC is reduced, soil will subside, and infrastructure failure will occur when the subsidence amount exceeds the allowance of the construction materials to bend to the stresses (55) .
We assessed changing vulnerability from near-surface permafrost thaw for roads, buildings, rail, and pipelines. First, we overlaid the infrastructure inventory with current and projected ALT and GIC maps. For buildings, we developed a risk assessment that assigns potential risk because of nearsurface permafrost thaw based on a spatially centered value in each climate grid cell. Second, we implemented a threshold approach based on permafrost distribution, GIC, and projected change in MAGT to determine when critical foundation damage was likely to occur (detailed in SI Text and Tables S4  and S5 ) that would require rebuilding or retrofit of the entire building. For roads, railroads, and pipelines, we determined where thaw settlement was likely to cause asset failure and the lengths of pipe and rail where replacement would be required, thereby incurring costs (56) . Costs were applied based on total estimated cost of replacement using specific inventory data and RSMeans cost estimates (2016; https://rsmeansonline.com/), with customized adjustments made for the Arctic conditions based on available data. When near-surface permafrost was lost for a given location, no additional damages to infrastructure were incurred from this environmental stressor. Methods for adapting infrastructure to near-surface permafrost thaw are limited and costly. Approaches modeled in the IPSS after the damage threshold was crossed included modifying the base of the infrastructure and installing thermosyphons to maintain lower soil temperatures.
Previously Developed Stressor-Response Relationships Applied in this Study. Precipitation and flooding damages and adaptation costs have been modeled previously in the IPSS (38, 57, 58) and were not modified specifically for this study. Similarly, underlying assumptions in the model related to these environmental stressors were not changed for this analysis. Precipitation. Precipitation damages to paved and unpaved roads and runways were triggered when projected maximum monthly precipitation increased by 10 cm above the historical baseline, with incremental increases in damages applied for each subsequent 10-cm increase (57) . Modeled damages result from the vertical impact of precipitation on road surfaces. For paved roads and runways, increased precipitation causes rutting, which reduces the time until resurfacing is required. For unpaved surfaces, precipitation increases erosion (while also making considerations for traffic levels and road slope, which influence the erosion rate), and damage estimates are generated from refilling, compacting, and aligning the road or runway surface to restore function (38) .
For paved roads and runways, modeled adaptation measures include changing the sealant or binder to better withstand the projected increase in precipitation as well as modifying the base layer to enhance drainage below the pavement surface. Limited adaptation approaches are available for unpaved surfaces, and therefore, the accepted approach is to pave roads and runways that were previously unpaved (when it is cost-effective to do so based on projected damages). In these instances, the adaptation costs are comparable with construction costs for the alternative surface type.
Precipitation-driven damages to buildings quantified in the IPSS are specific to roof drainage systems (59) . When drainage systems are not adequately sized, water is modeled to pool, resulting in material and sealant failure and increased repair expenses. The IPSS triggers roof damages when the monthly precipitation exceeds the historic design standard referenced in relevant building codes. Roof adaptation for increased precipitation includes the installation of larger drainage systems. These costs are quantified based on the known construction costs associated with drainage installation (59) . Flooding. Precipitation-induced flooding damages to roads and runways result from the lateral movement of water, which creates washouts, erosion, and/or surface degradation depending on the level of increased flow (57) . The extent of damages is determined based on the recurrence interval of the projected flooding. As the recurrence interval increases, the level of damage increases, which reflects the greater damage that the flood can cause to roadways and culverts. For events with a recurrence interval of 15 y or less, no additional damage is calculated for paved roads, because the standard base is designed to withstand floods up to a 15-y recurrence interval. When the recurrence interval reaches 50 y, damages are estimated to be double those of the 20-y recurrence to account for impacts on riverside floodplains and nonculvert washouts. For a 100-y event, damages are estimated to be 50% larger than those of the 50-y event.
Costs quantified for adapting roads and runways to projected flooding focus on the installation of larger-diameter road drainage systems. However, additional adaptations include strengthening the structure of the roadway through an increased base layer as well as wider shoulders in areas that have repeated floods projected.
Coastal Erosion. The presence of coastal sea ice buffers Arctic coastlines against wave energy, thus naturally mitigating erosion (46) . Climate change is predicted to slow the advance of the seasonal sea ice in fall and reduce the overall extent of the Arctic sea ice sheet in winter, which may lengthen the ice-free season in coastal areas (60, 61) . It has also been suggested that the increased length of the ice-free season is a good first-order indicator of coastal erosion (46) . Our analysis relies on the assumption that, as the ice-free season along Alaska's coastline increases, erosion rates will increase proportionally. First, we divided the coastline into three coarse latitudinal regions: south (56°N to 60°N), central (60°N to 65°N), and north (>65°N). For these regions, we projected changes in the length of the ice-free season this century using observed changes in coastal sea ice cover and observed and projected future changes in sea ice extent. Second, we combined this information with measured coastal erosion rates in 12 coastal communities to determine cumulative coastline losses to 2095 for RCP8.5 and RCP4.5. Current length of coastal ice-free season and extent of sea ice sheet. We used satellite data to reconstruct the coastal open water season and the corresponding extent of the Northern Hemisphere sea ice sheet during recent years (2006, 2008, 2010, and 2012 ) to serve as a baseline. We also extracted the areal extent of the Arctic sea ice sheet at the times that sea ice advanced to cover the coast in fall and retreated to expose the coast in the spring in each of the designated regions. Daily sea ice extent and ice edge boundary data were obtained from Multisensor Analyzed Sea Ice Extent-Northern Hemisphere maps (nsidc.org/data/G02186) and the National Snow & Ice Data Center (NSIDC; nsidc.org/). Data were imported into Google Earth Pro at semimonthly intervals for the ice advance (September to January) and ice retreat (March to July) seasons for years 2006, 2008, 2010, and 2012 . These years reflect a reasonable characterization of interannual variability in sea ice extent and duration of cover and include both cold and warm years in the Bering Sea (62) . Using visual inspection, we determined whether sea ice covered the coastline length in each region for each time interval and coded the interval as yes, no, or partial. The area of the sea ice sheet at the date of coastal sea ice cover/retreat for each region and year was also extracted and then, averaged across the 4 y evaluated (Tables S6-S8) . Projected lengthening of coastal ice-free season. Projected sea ice extent was manually extracted from CMIP5 ensemble means at decadal intervals for September (RCP8.5 and RCP4.5) and March (RCP4.5 only) from 2000 to 2100 (17, 61) . To estimate extent for March RCP8.5, the March RCP4.5 rate was scaled proportionally to the relationship between the September RCP8.5 and RCP4.5 rates. Projected decadal reduction rates were then applied to mean monthly historical sea ice extent values from the NSIDC Sea Ice Index data from 1979 to 2015 (nsidc.org/data/G02135) (SI Text) to project monthly sea ice extent through the end of the century at decadal intervals. The projected monthly sea ice extent values were then compared with current mean sea ice extent at the dates of coastal sea ice cover and retreat to determine the length of the coastal ice-free season through the end of the century (Table S2) .
Projected monthly sea ice extent values for each RCP were then compared with the current average sea ice extent at the date of coastal sea ice cover and the date of sea ice retreat for each of three regions. In the sea ice advance months of September to February, the projected sea ice extent was compared with the current average sea ice extent at the date of coastal sea ice cover for each region. When the projected value exceeded the average, ice cover began for the respective region. Similarly, in the ice retreat months of March to August, the projected sea ice extent was compared with the current average sea ice extent at the time of coastal ice retreat for each region, and when the projected value was less than the average value, the ice-free season began for the respective region. These comparisons were used to estimate the length of the ice-free season in each decade for each of three regions through the end of the century (Fig. S3) . Estimation of coastal erosion rates in coastal communities. Finally, we projected cumulative coastal erosion to 2095 for 12 coastal communities identified as extremely vulnerable to erosion (33) . We assumed that erosion rates will increase proportionally with lengthening of the coastal ice-free season and then, applied the percentage increase in the decadal projections of coastal ice-free season to current erosion estimates obtained from the US Army Corps of Engineers Baseline Erosion Assessment (33) and the National Oceanic and Atmospheric Administration Fisheries Alaska Fisheries Science Center (Individual Profiles; www.afsc.noaa.gov/REFM/Socioeconomics/ Projects/cpu.php). Cumulative erosion estimates through the end of century for each coastal community for both RCP8.5 and RCP4.5 are presented in Table S3 .
As detailed here and in SI Text, many of the datasets used as inputs to this analysis are publicly available (including the downscaled climate model projections, current coastal erosion rates, and others). Datasets generated as part of this analysis are available from J.M. by request.
